Introduction-background
In recent years authorities in Europe have become increasingly concerned with the protection of natural surface waters and groundwater resources, and general requirements have been set up by the European Water Framework Directive and preceded or followed by national legislations.
An important source of pollution stems from the contaminants transported by water running off from the roads. Pneumatics and fuel oils release heavy metals in relatively small amounts but regularly. Larger amounts can be released when traffic accidents occur involving vehicles transporting hazardous substances. The probability of such accidents is low, but the consequences can be serious, especially when important roads are close to vulnerable aquifers and when contaminants can spread quickly. In Sweden, it is the responsibility of the National Road Administration to take measures for protecting water resources from pollution coming from the roads. Such measures can be very costly, and careful planning involving hydrogeological studies is necessary to define priorities.
In Nordic countries, a supplementary problem arises from the salts that are spread on the roads every winter to melt snow and ice, and local increases in salt concentration have been observed at several localities (e.g. Thunqvist 2003 ). Such salt concentrations should be taken into consideration, even if the amounts are still moderate, since they are increasing every year. Moreover, if salt can reach the aquifer, other contaminants also can, though possibly not as quickly and in the same way as the sodium chloride. Large salt concentrations might increase the mobility of heavy metals and reduce the acid neutralising capacity and pH in surface waters (e.g. Thunqvist 2003) .
Salt is easily dissolved and transported with groundwater since it reacts only little with the Abstract Five intersecting resistivity sections have been measured in glaciofluvial deposits hosting an aquifer of regional importance situated along a heavy traffic highway in Sweden. The winter salt spreading has caused a regular salinity increase through the years. For imaging the transport of saltwater in the aquifer, the sections were measured exactly in the same location before and after winter, and interpreted using a timelapse inverse procedure. Some auger drilling and RCPT data were available for correlation. After winter, the resistivity had generally decreased under the water table and increased above it. The decrease in resistivity in the saturated zone is interpreted as a plume of more saline groundwater created by de-icing salt from the road. The increase in the upper layer can be explained by changes in temperature and soil moisture. The study shows that time-lapse resistivity investigations has potential for imaging hydraulic pathways in complex hydrogeological environments.
Keywords Resistivity AE Salinization AE Glaciofluvial sediments AE Groundwater monitoring AE Seasonal variations environment. Salt increases the conductivity of water and it should be possible to trace its transport in groundwater using geoelectrical methods. Using its geoelectrical property, one might be able to image hydrogeological paths in the subsoil as a complement to more conventional hydrogeological tests.
Such ideas have already been exploited in a number of studies and resistivity has often been used for e.g. mapping saline water intrusions (Barker 1990; Giao 2003 , among many others), imaging tidal cycles (e.g. Acworth and Dasey 2001; Slater and Sandberg 2000) , delineating contaminated plumes with increased chloride concentration originating from landfills (e.g. Rosqvist et al. 2003; Ogilvy et al. 2002) and for hydrogeological experiments (e.g. .
A site in Southern Sweden has been studied, where salt water ''naturally'' infiltrates to the groundwater every year, stemming from the de-icing salts spread every winter.
Resistivity variations in soils and rocks

Effect of increased salt content on resistivity
It is common knowledge that resistivity in rocks and soils depends on pore water salinity. Empirical laws have been defined, but there is no general relationship covering all kinds of rocks.
For instance, Ward (1990) recalls Archie's law (1942) expressing the resistivity of sediments devoid of clay:
where q w is the resistivity of pore water, / the porosity, S w n the fractional saturation and a and m factors depending on the rock type and on the geometry of the pores, respectively. From this empirical relation it appears that the resistivity of ''clean'' sediments will decrease linearly with increasing pore water conductivity.
For clay bearing sediments one usually adds a term expressing the surface conductivity due to the ions in the double layer at the surface of clay particles, like in the expression of Patnode and Wyllie or that of Waxman and Smits (1968) (cited by Ward (1990) ):
where F t is the formation factor at high concentrations, B is a factor taking into account the dependence of the mobility of exchange cations on the pore water concentration, and Q the clay cation exchange capacity per unit volume. It rejoins Archie's law for Q=0, that is when there is no clay in the sediment, and it implies that the slope of the curve for the dependence of the rock's resistivity will be steepest at higher pore water salinity. Such a general conclusion can also be drawn from the expression defined by Sen et al. (1988) . One can also cite P.D. Chinh (2000) . Taylor and Barker (2002) recently published an experimental study on Triassic sandstones, more or less consolidated and with varying clay content. They measured the resistivity of four types of saturated samples for varying electrolyte resistivity. They observed that the slope is steepest for lower electrolyte resistivity, and that the samples with the highest clay content show the narrowest range for the resistivity decrease. As may be expected, a change in the pore water resistivity will have less effect on the resistivity of a clay bearing sediment. Consistently, Barker (1990) had noted that mapping saltwater intrusions is more difficult in sediments with higher clay content.
Temperature
For the temperature, one can consider the general relation given in Ward (1990) , after Keller and Frischknecht (1966) :
where t is the temperature in°C and a is the temperature coefficient of resistivity. Ward (1990) gives a % 0.025 per°C. This implies a linear relationship in a loglog scale. However, this relation is based on the idea that the rock resistivity will vary linearly with the pore water resistivity, which is not always the case. Consequently, it should be considered with caution for large temperature variations.
Water content
Higher saturation will produce a decrease of the rock's resistivity. Like for the pore water salinity, several empirical laws have been defined and generalisation is difficult. One can cite Archie's law (1) for ''clean'' sediments. Taylor and Barker (2002) have measured the resistivity of four different types of triassic sandstones under desaturation. The resistivity does not decrease linearly, and its drop is maximum in the samples with the lowest clay content: up to 250% total variation against 15-30% in clayey or shaly sandstones. Consequently, the response to variations in water content will be more perceptible in ''clean'' sediments.
All these properties are consequences of the general mechanisms of conduction in rocks, which are still inaccurately understood but usually considered as a balance between electrolytic and surface conduction phenomena. The above considerations can be expressed by the general idea that electrolytic conduction will be comparatively more important in sediments with low clay content, and therefore resistivity will vary more with pore water salinity and saturation level in such materials.
The results obtained on sandstones should be transposable to unconsolidated glaciofluvial sediments, although maybe not in every detail. In such sediments, the granulometric clay fraction does not always correspond to mineralogical clays, and this can cause some difference. Furthermore, pore connectivity can be expected to be better. However, while it is possible to separate the effects of different parameters in a laboratory experiment, this is usually not possible in the field, and the observed resistivity changes are due to conjugate effects. The aim of the interpreter is to distinguish those that are predominant, but this is not always an easy task.
Bergaå sen-site description
The Bergaa˚sen site, close to Ljungby in Southern Sweden (see Fig. 1 ) was chosen because at this locality, the heavy traffic highway E4 is close to an aquifer of regional importance, located in the glaciofluvial sediments that stretch between the highway and the river Lagan. A regular increase of salt concentration in the groundwater has been observed in recent years. It is concentrated in a 250 m wide band along the road where concentrations have exceeded 100 mg l )1 . Along the river, concentrations are less high, but still between 50 and 100 mg l )1 . The normal concentration of Cl in the area is between 5 and 10 mg l )1 in the shallow groundwater, corresponding to conductivities below 15 mS m )1 (H. Bruch, Mark&Vatten AB, personal communication). According to the criteria defined by the Swedish Environmental Protection Agency (SEPA 1999) , the risk of corrosion of pipes is enhanced above 100 mg l )1 , and taste can be affected for chloride concentrations above 300 mg l )1 . In and around the studied area, chloride concentrations have been measured in a few wells and the highest concentrations are observed between a few metres and 8-m depth, sometimes even 10-m depth. They are very localised in a usually 2-m thick strata at most and decrease rapidly underneath (Mark&Vatten AB, personal communication).
The aquifer is known to be vulnerable due to the high permeability of the glaciofluvial deposits in some sites (up to 0.01 m 2 s )1
in the coarsest sediments, Mark&Vatten AB, personal communication). They are far from being homogeneous and investigations prior to the road construction have revealed localised caps of gravels and coarse sand as potential infiltration windows.
In some places, it has been estimated that run-off water from the road reaches the groundwater table in only one hour (Va¨gverket Konsult 2001) . At other locations, localised clay deposits may offer a relative protection.
The city of Va¨xjo¨(75,000 inhabitants) has planned to use the Bergaa˚sen aquifer as a complementary resource. Extensive pumping tests and analyses have been conducted over the last few years. They have shown that the water is of high quality except for the salt concentration, which is increasing slowly but regularly. The natural resource is important, about 250 l s )1 can be pumped, and it can be supplemented by artificial infiltration (Mark&Vatten 2000) . However, it is very sensitive to contamination from the highway E4 and several protection measures have therefore been discussed as E4 is one of the heaviest traffic routes in Sweden, and 25% of the traffic is due to goods transport. Moreover, salt has to be strewn on the road from November to the middle of March every year for traffic safety.
The aim of our project was to image hydrogeological paths using salt as a tracer by applying geoelectrical techniques before and after winter. Such site conditions are rather common in Nordic countries, and the results could be very relevant for other local studies.
Site investigations
Geoelectrical measurements
Five geoelectrical sections have been measured on the glaciofluvial deposits in an area known to be particularly vulnerable (see Figs. 2, 3) . Four parallel 80 m long sections running from highway E4 and perpendicular to it have been measured and designated BET01, BET02, BET03 and BET04 from south to north. They intersect the 400 m long section BEL01 along a small road running parallel to E4. All lines are situated in the area most influenced by the road, where salinities above 100 mg l The electrodes could not remain in place between the two measurement series, but their locations were recorded with extra care and very often, old electrode holes were found and reused. Precise measurements of their positions and altitudes were taken and used in the interpretation.
One important point concerning the site conditions is the very high contact resistances in the first layer of drained sandy sediments. These however did not prevent the acquisition of resistivity data.
Interpretation of resistivity data
For the interpretation, the commercial software Res2Dinv (Loke 1996 (Loke -2004 ) and the so-called robust inversion method were used. The minimization of a mixed L1-norm was done as an iteratively re-weighted least-squares algorithm, similar to that proposed by Farquharson and Oldenburg (1998) . Robust constraints were introduced on both the data and the parameters. Fig. 1 Map showing the location of the investigated area, the distribution of the glaciofluvial deposits and the chloride concentration in the groundwater (adapted from Bruch 2000) This method is less sensitive to large outliers in the data, but these can easily be removed from the data prior to the inversion, at least when using a traditional array, and if the data density is sufficiently large. It is also possible to reduce their influence by using weighting matrices. The main advantage of the robust inversion is that it can produce models with sharp boundaries separating zones of relatively constant resistivity unlike the usual diffuse layer limits obtained with the L2-norm (Loke et al. 2003) . Consequently, it accounts more easily for larger contrasts of resistivity. Such models are often found to represent geological reality better and that is why the ''blocky method'' is often preferred. For estimating the changes between measurements made at two different times, the programme provides different options for the ''time-lapse inversion'', which define the constraints between successive time steps (Loke 1999; Chambers et al. 2004 ). The aim is that the result should be more representative of actual changes in the underground and less affected by noise, due for example to changes in the contact between the electrodes and the ground. Several possibilities exist. In each case, the inversion result for the first time step is taken as a reference model. The model for the second step can be bound to the first one by a least-squares constraint, a robust constraint or they can also be unbound. Consistently, the two time steps have been inverted simultaneously, since the noise level is of the same order for both of them. We have chosen a robust constrain between the second and first models for the results we present hereafter, but the other constraints have also been tried out. The results are quite similar in all cases, except for the deepest parts of the BEL01 section: which show more undulations on the pictures obtained with least-squares methods. Nevertheless, the results can be considered with good confidence, at least down to 10 m interpreted depth on the line BEL01.
Geotechnical investigations
As part of this project, Scandiaconsult performed a number of auger drillings and CPT with resistivity (RCPT) measurements (Daniel et al. 2003) at the intersections of the measured resistivity lines, three on line BET03 and one on line BET04. The locations of the geotechnical drillings and geophysical lines are plotted in Fig. 3 .
The materials found were mainly sands and coarse sands until 4 to 6 m depth in all the drillings except in the one at the intersection between the lines BET03 and BEL01. Sandy gravels were found at the intersection with BET01 and silty sands, intercalated with coarse sands, were found between 6.5 and 8 m depth at the intersections with lines BET01 and BET02. The intersection with line BET03 is the only point were some 50 cm of layered clay were found at 2 m depth. At this location, 0.4 m thick silty sand was found above the clay, and the rest was sand. Farther away on line BET03, only sands (coarse to medium grained) were found between the ground surface and 4 m depth. The drillings showed very high spatial variability in the glaciofluvial deposits, which is quite expected for that kind of sediments.
Groundwater table was found at 143-144 m above sea level. It is known to be almost horizontal and to slope gently towards the river in this very restricted area. It is clear from the RCPT soundings, shown in Fig. 4 , that the resistivity decreases dramatically under the groundwater table in the coarse sediments, from over 10,000 X m to a few hundred. Only at the intersection with line BET03 was the groundwater level less clearly determined, due probably to capillary rise in the finer sediments. At this point a decrease in resistivity under the groundwater level was observed as well, but less clearly, from over 400 to less than 200 X m.
Measurement of the conductivity in the groundwater
A number of groundwater conductivity measurements and pumping tests were made by the consultants Mark&Vatten Ingenjo¨rerna AB, in the whole area, and these served as a basis for establishing the groundwater flow and salinity maps on a large scale. Only one of the observation wells is situated directly in the area of the resistivity measurements (see location on Fig. 2) , where chloride concentration and groundwater conductivity were measured (Table 1 gives the values measured on 13 October 2000). The salinity varies with depth and reaches a maximum between 4.5 and 5.5 m. This characteristic has been observed in many wells in the area-the salinity is maximum at an intermediate depth.
Calculating a regression line for these two parameters, we find that a chloride concentration increase of 100% will cause a conductivity increase of 34% in the groundwater. Depending on the lithology that determines different formation factors, we should expect a similar increase in the sediment conductivity with salinity if they contain little or no clay, otherwise a smaller increase. More precise laboratory study is required but it is likely that the same increase in the groundwater conductivity would induce different responses in the various sediments found in the area.
However, such a sign reversal of the conductivity gradient was not observed in any of the RCPT profiles (Fig. 4) , where the resistivity seems to remain low at depth. Several explanations are possible. The RCPT drillings might not have been deep enough to observe this trend reversal. The surroundings of the observation well might be characterised by particular and very localised hydrogeological conditions, where shallow groundwater is relatively separated from deeper water. It is, however, unlikely that such localised conditions exist, since chloride concentration at an intermediate level has been observed at several locations in the area: it must be quite general in this aquifer. It is also possible that chloride had migrated deeper into the aquifer between October 2000 and April 2002, reaching earlier levels. The distribution of chloride in depth may also vary seasonally.
Meteorological measurements
During 2001 and 2002, the precipitation, the atmospheric temperature and the amounts of salt spread were recorded in the area. The annual temperature variation is important, from 12°C to )15°C on an average. When the measurements were made in October 2001, the temperature was around 10°C following a warmer period, whereas the temperature was around 5°C in April 2002 following a colder period of several months with temperatures around 0°C.
Around 14 kg m )1 of salt were spread on that section of road during the winter of 2001/2002, and the precipitations amounted to 77 mm between the two resistivity measurements. The general hydrological balance is not known.
Results and interpretation
Sections from October 2001
On most of the lines (BET01, BET02, BET04 on Fig. 6  (a, b, d ), and BEL01 on Fig. 5 ), a first extremely resistive layer is visible above much less resistive deposits. It can be identified as the dry sandy sediments above the saturated levels, and the inverted resistivity values lie in the same range as the measured RCPT data. The resistive layer takes the main part of sections BET01 and BET02, whereas the underlying conductive layer appears more clearly on section BET04. The altitudes on the western part of the lines BET01 and BET02 are a little higher, and most of the investigated material is situated above the groundwater table. The resistivities in the underlying layer are smaller on line BET04, which could indicate that the groundwater salinity is higher there, but since the other lines were not investigated so deep in the aquifer, comparison is difficult. Some differences in the resistivity in the aquifer appear on the long line BEL01. The higher resistivities on lines BET01 and BET02 can reflect the locally thicker dry sediments above the aquifer, since the altitude is around 2 m more on these lines. The resistive body appearing at depth on line BEL01 around BET01 and BET02 can either be a 3D artefact due to the small relief or the actual presence of more resistive sediments at depth. It can also be due to the reduced salinity at that depth. The drillings at the intersections between these lines reach only 8 m depth, and the chloride content in the groundwater was measured only in the observation well.
The line BET03 (Fig. 6c) is different. An initial resistive layer above the groundwater table clearly appears only on the western part of the line. Around 10-20 m coordinates, the inverted resistivities values are between 100 and 180 X m, less than on the other sections, and the first superficial layer appears only faintly. It can be explained by the clay sediments that have been found at this location-one can expect a smaller resistivity contrast between saturated and non-saturated levels in such materials, and the transition is also usually less clear due to capillary rise. It is also possible that the salinity is more at this location, but there is no data yet (Fig. 7) . The surroundings of line BET03 stand out against the rest, probably due to the clay deposits more conductive than sands, and this might favour local salt accumulation by slowing down the groundwater flow. The more resistive parts at depth on the western parts of lines BET03, BET02 and BET01 could be explained by the presence of sands and gravels and/or by decreased salinity in the groundwater. There is unfortunately not enough data available for testing this hypothesis.
Relative changes observed in April 2002
The large dynamics of the inverted resistivity values make it difficult to see differences directly on the inverted sections, so we present sections of relative differences between April 2002 and October 2001, defined as: On all the lines (see Figs. 8, 9 ), we can observe a substantial increase of the resistivity in the first layer. This is probably due to the lower temperature in the ground after winter, possibly in combination with lower soil moisture content. Under this layer the resistivity has decreased in the saturated layer, and it could be imputed to salinity increase.
The relative interpreted differences in resistivity are very high. For instance the resistivity increase in the superficial layer implies a temperature drop of 20°C if we apply the law (3) cited above, hence a decrease in moisture content is needed to explain the increase in resistivity unless the ground were still partially frozen in April 2002. It may be possible that contrasts have been exaggerated by the time-lapse inversion procedure, but variations of the same range were observed in the apparent resistivity.
The line BET03 stands out once again among the others: On the eastern part of the line, the resistivity seems to increase also with depth, even if more moderately. It is possible that in the clayey sediments, the effect of salinity increase has been less pronounced or counterbalanced by temperature effects. Farther west on the line, the resistivity decreases under the groundwater table in the sandy sediments, like on the other sections.
On the southernmost part of line BEL01, the resistivity seems to increase again with depth. It could be an artefact of the inversion procedure or even a threedimensional effect, but it could also be that the resistivity has increased in the sediments with depth. The salinity might not have increased, or at least not significantly in the groundwater under 10 m depth, since increased salinities have generally been observed in the area, concentrated at intermediate depths. This may have induced a different balance between temperature and salinity effects, resulting in decreasing resistivity at depth.
When plotting all the relative different sections together (Fig. 10) , we again obtain a very consistent picture, which seems to indicate salinity increase with depth below sections BET01 and BET02, and below BET04. These sections do not, however, reach as deep as BEL01. The surroundings of line BET03 show an increase in resistivity that might be due to a different result of combined effects in the clayey sediments, possibly associated with less salinity increase.
Discussion and conclusions
The time-lapse results have shown clear resistivity changes in the underground at the Bergaa˚sen site before and after the salting season. They most probably can be attributed to salinity changes and as reflecting the hydrogeological situation. However, temperature effects are superimposed and it is likely that different geological materials exhibit different resistivity changes for the same salinity, saturation or temperature increase or decrease, so that more information would be needed for a more precise interpretation. Similar difficulties were experienced by e.g. Rein et al. (2004) , and Aaltonen (2001) has noted large seasonal variations of resistivity in Swedish soils (68% of the mean value in sandy soils). However, she has mostly studied finer-grained soils, which, apart from a few exceptions, reach their highest resistivity in the autumn, and the fluctuations of the water table also play a role. Better knowledge of the properties of the different material's or direct measurements of salinity and temperature in the ground would certainly be useful.
It would have been interesting to measure sections more times between autumn and spring, especially during alternating snow and cold episodes when more salt is spread, and during milder periods. We might have seen salt transport in progress and a general trend along the winter instead of the result of a whole season's accumulation. Unfortunately, economic considerations precluded such monitoring.
Some questions remain concerning the interpreted resistivity variations observed. Their predominant cause is unclear and probably varies from one lithological formation to another; it is also possible that artefacts were created by the interpretation, hence variations exaggerated or inappropriately placed them. However, variations of the same range were observed in the apparent resistivity.
This study gives an example of the method's applicability in the field, but it also clearly shows that comparison with relevant information of a different nature would be required to get the best of the geoelectrical imaging, especially in a complex lithology with relatively small salinity changes over a year.
Induced polarisation might constitute an interesting complementary method in such a case, since it might make it possible to distinguish between the effects of increased salinity and increased fine contents in resistivity decrease. However, it would have to overcome the high grounding resistances at the site, also sufficient depth has to be reached for the investigation, which is sometimes difficult.
